Abstract Although obesity is more prevalent in Hispanics than non-Hispanic whites in the United States, little is known about the genetic etiology of the related traits in this population. To identify genetic loci influencing obesity in non-Mexican Hispanics, we performed a genome-wide linkage scan in 1,390 subjects from 100 Caribbean Hispanic families on six obesity-related quantitative traits: body mass index (BMI), body weight, waist circumference, waist-tohip ratio, abdominal and average triceps skinfold thickness after adjusting for significant demographic and lifestyle factors. We then carried out an association analysis of the linkage peaks and the FTO gene in an independent community-based Hispanic subcohort (N = 652, 64% Caribbean Hispanics) from the Northern Manhattan Study. Evidence of linkage was strongest on 1q43 with multipoint LOD score of 2.45 (p = 0.0004) for body weight. Suggestive linkage evidence of LOD [ 2.0 was also identified on 1q43 for BMI (LOD = 2.03), 14q32 for abdominal skinfold thickness (LOD = 2.17), 16p12 for BMI (LOD = 2.27) and weight (LOD = 2.26), and 16q23-24 for average triceps skinfold thickness (LOD = 2.32). In the association analysis of 6,440 single nucleotide polymorphisms (SNPs) under 1-LOD unit down regions of our linkage peaks on chromosome 1q43 and 16p12 as well as in the FTO gene, we found that two SNPs (rs6665519 and rs669231) on 1q43 and one FTO SNP (rs12447427) were significantly associated with BMI or body weight after adjustment for multiple testing. Our results suggest that in addition to FTO, multiple genetic loci, particularly those on 1q43 region, may contribute to the variations in obesity-related quantitative traits in Caribbean Hispanics.
Introduction
Obesity poses a challenging global public health problem because of its increasing prevalence and strong association with elevated health-care costs, reduced quality of life, and increased risk for premature death. Significant differences in the prevalence of obesity have been observed among different racial/ethnic groups. Recent data from the Behavioral Risk Factor Surveillance System surveys showed that Hispanics had 21% greater prevalence of obesity when compared with non-Hispanic whites (CDC 2009 ). While socioeconomic, lifestyle, and cultural factors account for some of these observed disparities, family, twin and adoption studies have demonstrated that genetic factors are very important in body weight regulation and adiposity, with heritability estimates ranging from 16 to 85% (Yang et al. 2007) . Over the past decade, much effort has been made to identify the susceptibility loci, with over 60 genome-wide linkage scans of obesity. However, no locus has been consistently implicated in the majority of these scans (Rankinen et al. 2006; Saunders et al. 2007) , including region 16q12 which harbors the FTO gene and has shown the most convincing replication in genetic association studies of obesity to date (Frayling et al. 2007) . The lack of replication may be partially due to varying sample size, population heterogeneity, and different biological pathways and, therefore, suggests a complex inheritance pattern with many genes having a small effect on common obesity traits.
Hispanics are the fastest growing and largest minority group in the United States and have a greater prevalence of obesity and related diseases; however, genetic studies of obesity have been sparse in non-Mexican Hispanics. To minimize genetic heterogeneity and fill the gap of knowledge in this understudied population, we performed an autosomal genome-wide linkage analysis of obesity-related quantitative traits in 100 multi-generation Caribbean Hispanic families from the Family Study of Stroke Risk and Carotid Atherosclerosis (Sacco et al. 2009a) , followed by a peak-wide association analysis in an independent prospective community-based Hispanic subcohort from the Northern Manhattan Study (NOMAS) (Sacco et al. 2004 ).
Materials and methods

Subjects
All subjects provided informed consent to participate, and the study was approved by the Institutional Review Boards of Columbia University, University of Miami, the National Bioethics Committee and the Independent Ethics Committee of Instituto Oncologico Regional del Cibao in the Dominican Republic.
Caribbean families
The present genome-wide linkage analysis consisted of 1,390 participants from 100 Caribbean Hispanic families, with an average family size of 14, in the Family Study of Stroke Risk and Carotid Atherosclerosis. We have described the research design and detailed ascertainment scheme for the family study (Sacco et al. 2007 (Sacco et al. , 2009a . Briefly, we selected probands from the Caribbean Hispanic participants in NOMAS using the following criteria: (1) reporting a sibling with a history of myocardial infarction or stroke; or (2) having 2 of 3 quantitative risk phenotypes (maximal carotid plaque thickness, left ventricular mass, or homocysteine level above the 75th percentiles in the NOMAS cohort). Eighty percent of the families were recruited based on the first criteria.
NOMAS subcohort
In the association analysis, we utilized the approach of linkage followed by finer mapping in regions of interest using a convenience and independent sample of Hispanics (n = 652, 64% Caribbean Hispanics) who had genotypes and passed quality control in genotyping from the NOMAS study. We have described the research design and subject recruitment for the NOMAS (Sacco et al. 2004 (Sacco et al. , 2009b . Briefly, to be eligible, NOMAS participants had never been diagnosed with a stroke, were at least 40 years of age, and resided for at least 3 months in a household with a telephone in Northern Manhattan. A total of 3,298 community subjects were enrolled in 1993-2001 and 199 unrelated household members were recruited in 2003-2008. Obesity-related quantitative phenotypes
We measured several anthropometric variables in the family study at baseline assessment and in the NOMAS subcohort: body weight, height, waist circumference, and hip circumference. In addition, we had triceps and abdominal skinfold thickness measures for the subjects in the family study. We calculated body mass index (BMI) as body weight (in kilograms) divided by the square of height (in meters) and waist-to-hip ratio (WHR) as waist circumference divided by hip circumference.
Genotyping and quality control
For the linkage study, we had a total of 383 autosomal microsatellite markers genotyped by the Center for Inherited Disease Research at an average interval of 10 cM. To verify and adjust family structure, we compared the putative relationship between pairs of individuals to those constructed based on the autosomal genotypes by performing maximized log-likelihood ratio test using PREST (Sun et al. 2002) . Relationships with a p value \1.0 9 10 -6 in a consistent manner across the family were considered an error. We checked for Mendelian errors in the final family structure using PEDCHECK (O'Connell and Weeks 1998). The average heterozygosity over 383 autosomal microsatellite markers was 78%.
For the NOMAS association study, we processed and genotyped DNA samples using the Genome-Wide Human SNP Array 6.0 chips (AffyMetrix) according to the Affymetrix procedures at the Genotyping Core of the John P Hussman Institute for Human Genomics at the University of Miami. We scanned the arrays on the GeneChip Scanner 3000 7G and analyzed image data using the Genotyping Console TM . For quality control, we removed the samples from further analysis if they had call rates below 95%, relatedness or gender discrepancies, or were outliers beyond 6 SD from the mean based on EIGENSTRAT analysis (Price et al. 2006) . We also excluded the SNPs if they were not in Hardy-Weinberg equilibrium (HWE) (p \ 1.0 9 10 -6 ), or had either a genotyping call rate less than 95% or an MAF less than 5% as identified by PLINK (Purcell et al. 2007 ).
Statistical analysis
Genome-wide linkage analysis of Caribbean families
For the autosomal genome-wide linkage analysis, we first examined all six traits for skewness, kurtosis and outliers, and their correlations using SAS software (SAS Institute Inc, Cary, NC). After removing the outliers beyond mean ± 3SD, only BMI still deviated from normality. After log transformation, the skewness and kurtosis for BMI were 0.03 and 0.02, respectively. We performed a polygenic covariate screening using sequential oligogenic linkage analysis routines (SOLAR) for a set of covariates: age, sex, age by sex, age 2 , education, physical activity, smoking pack years and alcohol drinking based on a threshold of p \ 0.1 for inclusion of any potentially significant covariates. For all traits, we further checked the skewness and kurtosis for the residuals in the polygenic models and did not observe departure from normality after adjustment for covariates. We then employed SOLAR to calculate heritability, proportion of alleles shared identical-by-descent (IBD), and multipoint LOD scores through a variance component (VC) approach (Almasy and Blangero 1998; Amos et al. 1997) .
To evaluate the robustness of the results, we conducted simulation analysis to compute empirical p values for LOD scores based on 15,000 replicates in which a fully informative marker, unlinked to the specific trait, was simulated and used to compute possible LOD scores.
Follow-up association analysis of NOMAS community-based subcohort
As the NOMAS cohort included samples from a broader population, we employed two approaches to minimize the potential bias due to the population stratification. First, we limited the association analysis to Hispanics (n = 652) or Caribbean Hispanics (n = 416) to reduce the probable underlying genetic heterogeneity. Second, from our recent genetic study completed in the NOMAS subcohort, we assessed the population stratification based on the principal component approach using EIGENSTRAT (Price et al. 2006) . The top two principal components from all Hispanics (PCA1, PCA2) and the top component from Carribean Hispanics (PCA1) were then used as covariates for genomic control in the respective association analyses. The strongest suggestive linkage evidence was found for body weight, BMI, and skinfold thickness; however, skinfold thickness was not available in the NOMAS subcohort, so we focused our follow-up association study on BMI (log-transformed) and body weight. We investigated the association of BMI and weight with genotypes of all available 6,640 SNPs that were located under 1-LOD unit down regions of the two linkage peaks (3,488 SNPs from 233.4 to 244.1 megabase on 1q43 and 2,791 SNPs from 21.2 to 49.4 Mb on 16p12) and within FTO (161 SNPs), with a fine mapping density of 3.3 SNP per 10 kb on 1q43 and 1 SNP per 10 kb on 16p12.
Assuming an additive genetic model, we performed multiple linear regression analysis using PLINK to investigate the association of the selected SNPs with body weight and BMI after adjusting for genomic control variables, age, gender and other significant covariates identified by a stepwise selection procedure in SAS with inclusion(stay) criteria of p \ 0.1 in the model. We explored the potential function of the associated SNPs using FuncPred, one of a set of web-based tools for SNP information (SNPinfo Web Server at http://snpinfo.niehs.nih.gov/index.html).
To correct for multiple testing of SNPs in the peak-wide association mapping, we applied the SimpleM approach developed by Gao et al. (2008) to take into account the dependence among the SNPs that are in linkage disequilibrium (LD). This method is particularly useful for the followup association analysis of SNPs within linkage peak regions or specific genes. Briefly, SimpleM first computes the eigenvalues from the pair-wise SNP correlation matrix created with composite LD from the SNP dataset and then infers the effective number of independent tests (M eff_G ) through principle component analysis. Once M eff_G is estimated, a standard Bonferroni correction is applied to control for the multiple testing. We employed this approach to adjust for multiple tests performed in each follow-up region.
Power estimation
For the linkage study, we used SOLAR to calculate power through simulation. Given that the total genetic heritability for each trait is the same as that estimated from our data (Table 3) , with our final data set we have at least 80% power to detect a QTL with heritability of 0.19, 0.18, 0.19, 0.20, 0.20, and 0 .22 at a LOD score of 2 for BMI, body weight, waist circumference, WHR, average triceps and abdominal skinfold thickness, respectively. For the follow-up association study, assuming a minor allele frequency of 0.20, we have at least 80% power to detect an additive genetic effect (beta) of 0.046 for log-transformed BMI and 8.59 for weight in all Hispanics at a two-sided alpha of 0.001 using QUANTO (http://hydra.usc.edu/gxe/).
Results
Sample characteristics
The mean age of subjects was 46 and 69 years, respectively, for the Caribbean Hispanic family sample and Hum Genet (2011) 129:209-219 211 community-based NOMAS Hispanic subcohort. The majority of both samples were female (60% in family sample and 62% in NOMAS subcohort). The demographic, lifestyle, and phenotypic characteristics of the study samples are summarized in Table 1 .
Trait correlation, familial correlation and heritability Table 2 presents the correlations between obesity-related traits and the correlation of those traits between family members among the Caribbean Hispanic family sample.
For trait pairwise correlation, BMI, weight and waist circumference were highly correlated with each other (C0.79), whereas WHR showed lower correlation with other traits with correlation scores ranging from -0.06 to 0.35 except waist circumference (0.61). Intermediate correlation scores, which ranged from 0.36 to 0.59, existed between skinfold thickness and BMI, weight and waist circumference. For pairwise familial correlation, the scores between parent-offspring and between sib-sib were also higher for BMI, weight and waist circumference than those for skinfold thickness and WHR. After adjustment for Autosomal genome-wide linkage scan Figure 1 shows a plot of LOD scores for each phenotype based on variance component multipoint linkage analysis and Table 4 lists the chromosomal regions with a maximum multipoint LOD score over 1.5. The strongest linkage was identified on chromosome 1q43 for weight (LOD = 2.45 at 263 cM, nominal and empirical p = 0.0004). This region also showed suggestive linkage for BMI with a LOD score [ 2.0 (Lander and Kruglyak 1995) . In addition, there were 3 regions for which the LOD score exceeded 2 (nominal p \ 0.001) for an obesity-related trait: near D16S769 on 16p12 for BMI (LOD = 2.27 at 51 cM) and body weight (LOD = 2.26 at 50 cM), near D14S1434 on 14q32 for abdominal skinfold thickness (LOD = 2.17 at 113 cM), and between D16S3091 and D16S539 on 16q23-24 for average triceps skinfold thickness (LOD = 2.32 at 105 cM) (Table 4) .
Follow-up association analysis
Limited by phenotype availability, we focused our follow-up association analysis on the 1-LOD unit down regions of the two linkage peaks: 1q43 and 16p12, where suggestive linkage (LOD C 2.0) was found for both BMI and body weight. We also investigated the association of BMI and body weight with FTO polymorphisms given that FTO has shown the most convincing replication in genetic association studies of obesity to date and is within 3 MB of our 1-LOD unit region on 16p12. Among these three regions, SimpleM analysis yielded an effective number of independent tests of 2,480 for the 1-LOD unit down region of peak 1q43, 2001 for the 1-LOD unit down region of peak 16p12, and 121 for FTO. Table 5 reports the SNPs on 1q43 that showed an additive allelic effect on BMI or body weight with a nominal p B 0.001 in all Hispanics. The most significant association with BMI was found for SNP rs6665519 (nominal p = 1.3 9 10 -5 , SimpleM multiple testing corrected p = 0.03) in a highly conserved region near the lysosomal trafficking regulator gene (LYST) in Caribbean Hispanics, whereas the most significant association with body weight was found for SNP rs6692131 (nominal p = 1.8 9 10 -5 , SimpleM multiple testing corrected p = 0.04) with regulation potential and located in the flanking region of hypothetical gene LOC391183 in all Hispanics. Six SNPs associated with BMI were found near or in the 3 0 untranslated region (3 0 -UTR) of GNG4 (guanine nucleotide binding protein, gamma 4 gene); three of these were at microRNAbinding sites. Several SNPs associated with both BMI and body weight were also found in or near 3 known genes, including M3 muscarinic receptor (CHRM3), ryanodine receptor 2 (RYR2), and zona pellucida glycoprotein 4 (ZP4). The remaining associated SNPs are located in the flanking region of known or hypothetical genes (Table 5) .
Similarly, Table 6 reports the SNPs on 16p12 and in FTO that showed an additive allelic effect on BMI or body weight with a nominal p B 0.001 in all Hispanics. For the SNPs within the 1-LOD unit down region of 16p12, the most significant association with the BMI was found for intronic SNP rs7199357 (nominal p = 0.0002) in GSG1-like gene (GSG1L), whereas the most significant association with the body weight was found for the SNP rs1610 (nominal p = 0.0003) at a microRNA UBFD1 (ubiquitin family domain containing 1) and SLC5A11 (solute carrier family 5, member 11). For the SNPs in FTO, 3 intronic SNPs (rs12447427, rs2540784 and rs16952951) were found to be associated with BMI and/or body weight. Among the three SNPs, rs12447427, a regulatory SNP, had the strongest association with a nominal p = 1.9 9 10 -4 and SimpleM multiple testing corrected p = 0.02. 
Discussion
To our knowledge, the present study represents the first detailed genetic analyses of obesity-related quantitative traits in Caribbean Hispanics. This is further complemented by the use of two independent samples, well-characterized Caribbean Hispanic multi-generation families and a community-based prospective Hispanic cohort, i.e., mainly composed of Caribbean Hispanics, and thus, allows us to investigate the link between genetic loci and obesity-related traits in a systematic manner. The principal findings in this report were that both body weight and BMI mapped to one region on chromosome 1q43 by attaining the suggestive linkage threshold proposed by Lander and Kruglyak (1995) and showing significant association with the genetic variants in this region in an independent population-based sample after adjustment for multiple testing. The connection between 1q43 and obesityrelated traits has not been reported in the most previous linkage scans that were mainly carried out in non-Hispanic populations; however, one recent study of French Canadians has revealed that a quantitative trait locus in this region may specifically affect total adiposity (Aissani et al. 2006) . Previously, this group also found linkage for LDL-C (LOD score = 2.5) and sucrose intake at the same locus (Bosse et al. 2004; Collaku et al. 2004 ). In addition, the Framingham Offspring study detected a peak LOD score of 2.59 at the same locus for systolic blood pressure during the recovery phase of exercise testing (Ingelsson et al. 2007) , and a study of Mexican Americans mapped an intermediate quantitative trait of diabetic nephropathy to this region (LOD = 3.78 at peak marker D1S547) (Schelling et al. 2008) . A large genome-wide association study of 14,000 common disease cases and 3,000 shared controls has also identified several genetic variants in this region associated with cardiovascular disease, hypertension and diabetes (WTCCC 2007) .
While the function of many of the associated 1q43 genes is largely unknown, some of them may be candidates of particular interest given their potential biological effects. For example, CHRM3, the muscarinic acetylcholine receptor subtype M3, is one of muscarinic receptors that may play a central role in glucose and energy homeostasis (Gautam et al. 2006 (Gautam et al. , 2008 . Homozygous M3 receptor deficient mice (M3R -/-) display an increase in metabolic rate, elevated body temperature and hyperactivity, leading to an increase in energy expenditure and pronounced decrease in body weight and reduced levels of serum leptin and insulin (Wess 1996; Wess et al. 2007; Yamada et al. 2001) . In humans, CHRM3 gene variants may be associated with decreased acute insulin secretion and increased risk for early-onset Type 2 diabetes (Guo et al. 2006) . These findings suggest that the M3 receptor may represent a potential pharmacologic target for the treatment of obesity and associated metabolic disorders (Maresca and Supuran 2008) . In rats, cardiac mRNA expression of RyR2 was enhanced in the obese group, and exercise training for those with diabetes improved cardiac function by minimizing dysregulation of RyR2 (Lima-Leopoldo et al. 2008; Shao et al. 2009 ). In addition to 1q43, our analysis also found three regions (14q32, 16p12, and 16q23-24) with suggestive linkage evidence and several regions with a LOD score [ 1.5 on 1p36, 1p31, 4p15, 5q35, 9q34, and 15q26. In fact, all these regions have previously been linked to obesity-related traits by scans from different studies, although the trait may not be exactly the same. Among the three regions with suggestive linkage evidence, 14q32 was reported linked with BMI or leptin by at least two studies (Hsueh et al. 2001; Wu et al. 2002) , whereas 16p12 and 16q22-24 were located in the bins achieving a nominally significant summed rank in a meta-analysis of 37 genome-wide linkage scans for BMI performed in families with European ancestry (16p12 in bin 16.2 from 32.1 to 67.6 cM; 16q22-q24 overlapping in bin 16.3 from 67.6 to 100.4 cM) (Saunders et al. 2007 ). For the remaining regions with a LOD [ 1.5, some studies have found linkage of BMI to 1p36 (Deng et al. 2002; Liu et al. 2004; Stone et al. 2002) , BMI change to 1p31 (Chen et al. 2004) , BMI and abdominal fat to 4p15 Stone et al. 2002) , BMI or central obesity to 5q35 (Feitosa et al. 2002; Kraja et al. 2005) , %fat or obesity to 9q34 , BMI to 11q24.1 (Arya et al. 2004; Lindsay et al. 2001; Moslehi et al. 2003; Stone et al. 2002) , and fat-free body mass to 15q26 (Chagnon et al. 2000; . Our association analysis in an independent sample also found moderate association between BMI and weight and the genetic variants in multiple genes under 1-LOD unit down region of 16p12 and in FTO. Besides FTO, SCNN1B has been implicated in blood pressure or obesity (Marteau et al. 2009; Tobin et al. 2008) . However, for the remaining associated genes, little is known about their function and association with obesity. They may also be potential candidates for further investigation.
We did not confirm many promising regions previously reported in the literature such as 2q14, 3q26, 12q24, 13q12-13, and 20q12 (Yang et al. 2007 ). This is not surprising and could be for numerous reasons. Many previous studies were carried out in families ascertained through probands with extreme obesity phenotypes and multiple affected siblings, or in samples having different ethnic or cultural backgrounds. Thus, there is both population and etiological heterogeneity across studies. Correlated phenotypes do not necessarily have common genetic causes or the same pathways because environmental factors (as well as their interactions with susceptibility genes) may also influence obesity phenotypes. In addition, factors such as varying sample size, different family structure and choice of statistical analytical approaches can also contribute to inconsistency in the findings across different studies.
It is noteworthy that our study has both several strengths and weaknesses. The strengths include: (1) well-characterized and extended Caribbean Hispanic families with relatively large family size to minimize genetic heterogeneity and achieve substantial statistical power in linkage analysis, (2) well-measured multiple related quantitative traits by the same research team to assure the consistency in phenotype assessments, (3) adjustment for lifestyle factors which were seldom controlled for in previous studies and (4) follow-up fine mapping in an independent Hispanic(primarily Caribbean) cohort with genomic control. The weaknesses may include:
(1) lack of more accurate obesity phenotypes such as body fat percentage or intra-abdominal adipose tissue, (2) unavailability of skinfold thickness measures in the population-based cohort for the follow-up association analysis, (3) the estimates of polygenic and single locus effects based on the variance component approach may be subject to bias (Shugart et al. 2002) and our findings in this specific population may not be directly generalized to other populations.
In summary, the present study of multi-generation Caribbean Hispanic families reports confirmatory evidence for linkage on multiple chromosomal regions that were previously identified in other populations. It also replicates the association of FTO with obesity-related quantitative traits. The region on chromosome 1q43 is of particular interest is because it shows both linkage and association with multiple obesity traits in Caribbean Hispanics. Further large studies are needed to replicate the observed associations and to perform in depth investigations of the functional variants of the genes in these regions.
